Experimental measurements on tandem GaInAsP/InGaAs concentrator solar cells are presented that demonstrate how the short-circuit current can shift from that of the higher current subcell to that of the lower current subcell as irradiance increases. Theoretical modeling illustrates how this can occur when the current-limiting subcell has a noticeably nonzero slope in its current-voltage curve near short-circuit, and should be general to all series-connected multijunction cells of this nature. © 2011 American Institute of Physics. ͓doi:10.1063/1.3596444͔
Multijunction solar cells comprise a core technology for concentrator photovoltaics, with the subcells invariably connected in series ͑rather than in parallel͒ for reasons of both practicality and minimizing resistive losses. The operating voltage V is then the sum of the subcell voltages, and the short-circuit current I sc is taken to be that of the currentlimiting subcell, proportional to the solar power input P in ͑for a given illumination spectrum͒.
Here, we demonstrate and model the anomalous case, where I sc can be significantly higher than that of the currentlimiting subcell, 1,2 with a pronounced irradiance dependence that is unrelated to series resistance losses. Such behavior can occur when the cell's current-voltage ͑I-V͒ curve near short-circuit is noticeably nonhorizontal, which can derive from shunt losses or a voltage-dependent photocurrent. [1] [2] [3] [4] Measurements were conducted separately with concentrated solar and laser light at equivalent flux concentration values ranging from the order of 10 0 to 10 2 suns on two types of tandem GaInAsP/InGaAs cells of the same nominal architecture ͑full details on the materials and architecture were reported in Refs. 5-7͒, both 3.4ϫ 3.4 mm 2 in photoactive area, differing only in their metallization grid density. This tandem cell comprises the two lower band gap junctions of a planned four-junction concentrator cell. [5] [6] [7] Solar: A solar fiber-optic mini-dish concentrator described previously 8, 9 irradiated the solar cells with flux maps ranging from ͑a͒ strongly localized via a 1.0 mm diameter optical fiber ͑hence with a given P in restricted to ϳ7% of the cell's active area͒ to ͑b͒ uniform via a kaleidoscope flux homogenizer. First, delivered solar power P in was measured with a spectrum-neutral pyrometer of 3% accuracy, and was confirmed to have approximately the same spectrum as the AM1.5D ambient solar beam radiation. Then, the transmitted solar spectrum that accounts for absorption by the future two higher band gap junctions [5] [6] [7] was mimicked by placing an 850 nm ͑wavelength͒ long-pass spectral filter ͑RG850, Schott AG, Mainz, Germany͒ over the concentrator's entry aperture. The equivalent flux concentration ͑in suns͒ corresponding to the measured P in values refers to the solar irradiance within the filtered spectral range.
Lasers: The power of two laser diodes of wavelengths 808 and 1560 nm ͑slightly below those of the respective band gaps of the subcells͒ was adjusted to maintain a constant current mismatch between the top and bottom subcells ͑with current mismatch denoting I sc_Top / I sc_Bottom ͒.
In all instances, the I-V curves were traced from shortcircuit to open-circuit with a picoscope of accuracy 0.3%. Cells were thermally bonded to a thermoelectrically cooled copper heat sink maintained at 25Ϯ 0.5°C.
A plot of the cell's gain factor-defined as I sc / P in -as a function of P in ͓Fig. 1͑a͔͒ revealed significantly inconstant behavior that depends on absolute power rather than power density ͑i.e., with no discernible effect of a severely localized flux distribution͒. The gain factor decreased by ϳ30% as averaged irradiance increased from a few suns to a few tens of suns, and then became constant.
The laser diode results graphed in Fig. 1͑b͒ confirm the same trend as in the solar experiments, and show that the relative decrease in gain factor ͑as P in increases͒ is proportional to the degree of current-mismatch, with an approximately irradiance-independent gain factor for currentmatched subcells. ͓Because of the markedly different spectra in solar versus laser diode experiments, their respective gain factors cannot be compared directly; hence the relativerather than absolute-gain factor ordinate in Fig. 1͑b͒ .͔ A decrease in gain factor with concentration can derive from high series resistance losses that limit short-circuit current. 3 The signature of this behavior is a considerably low fill factor ͑FF͒. However, the decrease in gain factor occurred at FF values exceeding 0.5. Furthermore, the fact that the gain factor again became constant at sufficiently high P in ͑rather than continuing to decrease͒ is incommensurate with I sc being limited by series resistance. These observations enjoin an alternative explanation, unrelated to series resistance, and rooted in the additivity of the I-V curves of the subcells.
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The sample calculation in Fig. 2͑a͒ illustrates how the voltages of series-connected subcells sum for a given current. The current-limiting subcell was purposely chosen to have a conspicuously nonzero slope near short-circuit. For clarity in what follows, we distinguish between I sc−tandem ͑the current at short-circuit for the tandem device, at which there is a nonzero voltage on the subcells͒ versus I sc−1 and I sc−2 ͑the short-circuit current for the subcells were they operated individually as single-junction cells͒.
The determination of I sc−tandem -and its unusual behavior as irradiance is increased-is sharpened in Fig. 2͑b͒ . Current-limiting ͑bottom͒ subcell 1 is under reverse bias, while ͑upper͒ subcell 2 is in forward bias, with V 1 + V 2 =0. At short-circuit in the lower irradiance regime, subcell 1 is at a reverse bias ͓points k in Fig. 2͑b͔͒ that generates a current equal to that of subcell 2 at forward bias ͑points kЈ͒. Then I sc−tandem = I sc−2 and hence is not limited by the lower current subcell. When the irradiance reaches a level where the negative bias at points k cannot be compensated by the positive bias at points kЈ, I sc−tandem decreases below I sc−2 . As irradiance is further increased, I sc−tandem will eventually reach ͑and level off at͒ I sc−1 .
The fact that the experiments show these trends to be independent of flux distribution follows from Fig. 2͑b͒, i. e., it is cell voltage that limits performance, and voltage is essentially insensitive to flux map.
The calculated curves in Fig. 2͑b͒ adopt a lumpedparameter model for each subcell,
where I, I ph , and I o are the current, photocurrent, and reverse saturation current, respectively. V is the applied voltage, k is FIG. 1. ͑Color online͒ Measured gain factor I sc / P in as function of P in for the tandem cell ͑semilog plots͒. ͑a͒ In the solar concentrator, under uniform and localized irradiation. Averaged irradiance denotes the ratio of the spectrumadjusted P in to the cell's photoactive area ͑vide supra͒. The corresponding model calculation described in the text ͑for uniform cell irradiation͒ is also shown for both the tandem cell and its individual subcells. The error bars for the calculated curves stem from the experimental uncertainty in the external quantum efficiency input data. ͑b͒ Uniform cell irradiation from two laser diodes was adjusted to produce varying degrees of current mismatch I sc_Top / I sc−Bottom ͑curve labels͒ at which the tandem cell's gain factor relative to current matching, I sc / ͗I͘, could be determined. Boltzmann's constant, T is the junction temperature, and n is the diode quality factor. R s and R sh are the effective series and shunt resistances, respectively. I ph was calculated by convolving the measured external quantum efficiency of the subcells with the filtered solar spectrum ͑not shown͒. At 1 sun irradiance, I ph is 1.30Ϯ 0.06 and 0.96Ϯ 0.05 mA for the top and bottom subcells, respectively. As explained above, their ratio of 1.37Ϯ 0.10 should be ͑and is͒ the same as that of the high-to-low gain factors in Fig. 1͑a͒ . For the top and bottom subcells, respectively, I o values of 1.2ϫ 10 −9 mA and 1.7ϫ 10 −6 mA were estimated based on the measured open-circuit voltage V oc and band gap values. R s and R sh were estimated from the laser-generated I-V curves as R sh_Top = 21000 ⍀, R sh_Bottom = 210 ⍀, and R s_Top = R s_Bottom =1 ⍀. A diode quality factor n = 3.0 for the tandem ͑taken as 1.5 per junction͒ was deduced from the measured linear dependence of V oc on the logarithm of flux concentration. The I-V curves of the subcells were then summed ͑as portrayed above͒ to calculate the tandem's I-V curve at assorted irradiance levels.
The model calculations indicate that although the gain factor of each of the two subcells is essentially irradianceindependent, the gain factor of the tandem cell transitions from the value of the top subcell to that of the limiting subcell-consistent with the experimental results ͓Fig. 1͑a͔͒. The model also accounts for the change in gain factor being proportional to the degree of current mismatch ͓Fig. 1͑b͔͒.
In summary, in cases where the current-limiting subcell exhibits a noticeably nonhorizontal I-V curve near zero voltage ͑e.g., non-negligible shunt losses͒, I sc−tandem transitions from the short-circuit current of the higher photocurrent subcell to that of the nominally current-limiting subcell.
The ostensible anomaly of the dependence of gain factor on irradiance stems from the increased current of the currentlimiting subcell under reverse bias. Model calculations account for the key experimental observations from GaInAs/ GaInAsP tandem cells. The trends identified in the measurements reported here for III-V alloy multijunction concentrator cells should apply to all serially connected multijunction cells with nonhorizontal I-V curves near short-circuit ͑espe-cially thin film, 10 amorphous semiconductor, 11 and organic multijunction cells 1,2 ͒, and may have consequences for cell characterization and design.
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